Classical glutathione peroxidase (GPX1) mRNA levels can decrease to less than 10% in selenium (Se)-deficient rat liver. The cis-acting nucleic acid sequence requirements for Se regulation of GPX1 mRNA levels were studied by transfecting Chinese hamster ovary (CHO) cells with GPX1 DNA constructs in which specific regions of the GPX1 gene were mutated, deleted, or replaced by comparable regions from unregulated genes such as phospholipid hydroperoxide glutathione peroxidase (GPX4). For each construct, stable transfectants were pooled two weeks after transfection, divided into Se-deficient (2 nM Se) or Se-adequate (200 nM Se) medium, and grown for an additional four days. On day of harvest, Se-deficient GPX1 and GPX4 activities averaged 13 6 2% and 15 6 2% of Se adequate levels, confirming that cellular Se status was dramatically altered by Se supplementation. RNA was isolated from replicate plates of cells and transfected mRNA levels were specifically determined by RNase protection assay. Analysis of chimeric GPX1/GPX4 constructs showed that the GPX4 39-UTR can completely replace the GPX1 39-UTR in Se regulation of GPX1 mRNA. We did not find any GPX1 coding regions that could be replaced by the corresponding GPX4 coding regions without diminishing or eliminating Se regulation of the transfected GPX1 mRNA. Further analysis of the GPX1 coding region demonstrated that the GPX1 Sec codon (UGA) and the GPX1 intron sequences are required for full Se regulation of transfected GPX1 mRNA levels. Mutations that moved the GPX1 Sec codon to three different positions within the GPX1 coding region suggest that the mechanism for Se regulation of GPX1 mRNA requires a Sec codon within exon 1. Lastly, we found that addition of the GPX1 39-UTR to b-globin mRNA can convey significant Se regulation to b-globin mRNA levels when a UGA codon is placed within exon 1. We conclude that Se regulation of GPX1 mRNA requires a functional selenocysteine insertion sequence (SECIS) in the 39-UTR and a Sec codon followed by an intron.
INTRODUCTION
Selenocysteine (Sec) is located in the active site of classical glutathione peroxidase (GPX1, GSH:H 2 O 2 oxidoreductase EC 1+11+1+9) and thus it is understandable that selenium (Se) deficiency results in a loss of GPX1 activity )+ In fact, the impact of Se status on GPX1 expression is dramatic+ Liver GPX1 activity in rats fed a Se-deficient diet (0+007 mg Se/g diet) is decreased to 0-2% of the levels in rats fed 0+1 mg Se/g diet (Hafeman et al+, 1974; Lei et al+, 1995; Weiss et al+, 1996 Weiss et al+, , 1997 )+ Less understandable is the mechanism by which Se deficiency can reduce GPX1 mRNA levels in Se-deficient rat liver to less than 10% of Se-adequate levels (Saedi et al+, 1988; Yoshimura et al+, 1988; Toyoda et al+, 1990; Christensen & Burgener, 1992; Hill et al+, 1992 )+ The down-regulation is specific for GPX1 mRNA because controls such as poly A mRNA level, 18S rRNA level, or b-actin mRNA level are not affected by Se status (Lei et al+, 1995; Bermano et al+, 1996b; Weiss et al+, 1996 Weiss et al+, , 1997 )+ In addition, the response of GPX1 mRNA level to Se depletion and Se repletion is rapid, but GPX1 transcription (Christensen & Burgener, 1992; Moskow et al+, 1992) is not decreased in Se deficiency, indicating that Se regulation of GPX1 mRNA level is mediated by a posttranscriptional mechanism (Sunde, 1994 )+ This dramatic regulation of GPX1 may be intimately connected to the mechanism used by each cell to determine Se status and to direct Se metabolism (Sunde, 1994) + Most studies comparing Se regulation of GPX1 to other selenoprotein mRNAs within the same samples have found that GPX1 mRNA levels drop most dramat-ically in Se deficiency, whereas mRNA levels for other selenoproteins are considerably less affected by Se deficiency (Hill et al+, 1992; Lei et al+, 1995; Bermano et al+, 1996b; Weiss et al+, 1997 )+ For example, phospholipid hydroperoxide glutathione peroxidase (GPX4) shares 31-45% nucleotide sequence identity with GPX1 (Schuckelt et al+, 1991; Sunde et al+, 1993 ), yet GPX4 mRNA levels are not significantly reduced by Se deficiency (Lei et al+, 1995) + The differential regulation of selenoprotein mRNAs is surprising because eukaryotic selenoproteins share a conserved mechanism that facilitates the co-translational incorporation of Sec at in-frame UGA codons and requires a selenocysteine insertion sequence (SECIS) in the 39-UTR (Berry et al+, 1991 (Berry et al+, , 1993 )+ Thus, Sec incorporation must compete with or block the translation of UGA as a signal for peptide termination+ The cis-acting SECIS stem-loop motif is thought to interact with a Sec-specific elongation factor and the Sec tRNA to allow Sec incorporation at UGA during translation (Hatfield et al+, 1982; Berry et al+, 1991 Berry et al+, , 1993 Shen et al+, 1993; Martin et al+, 1996; Stadtman, 1996) + The role of these elements in the specific regulation of GPX1 mRNA levels by Se is not understood+ There are numerous reports showing that nonsense mutations can be cis-effectors in mRNA destabilization Cheng et al+, 1994; Carter et al+, 1996; and reviewed by Maquat, 1995; Jacobson & Peltz, 1996) + Thus, we hypothesize that the suppression of the GPX1 UGA codon by Sec incorporation might be an important component of the mechanism for Se-dependent stabilization of GPX1 mRNA+ Previously, we have shown that deletion of the GPX1 39-UTR (Weiss & Sunde, 1997a) and mutations within the GPX1 SECIS motif can abolish Se regulation of transfected GPX1 mRNA (Weiss & Sunde, 1997b) , suggesting that Se regulation of GPX1 mRNA is linked to the mechanism for Sec incorporation+ A lack of Sec translation due to Se deficiency, however, does not down-regulate all selenoprotein mRNAs and thus cannot fully explain the specific decreases in GPX1 mRNA levels+
The purpose of the present experiments was to further characterize the cis-acting sequence requirements for down-regulation of GPX1 mRNA in Se-deficient cells+ We used a substitution approach in which various regions of the GPX1 gene were systematically replaced by corresponding regions from unregulated genes+ We found that the GPX1 39-UTR can be replaced by the GPX4 39-UTR, showing that the SECIS requirement for Se regulation of mRNA levels is not specific for the GPX1 SECIS+ Replacement of any GPX1 coding regions with the corresponding GPX4 sequences diminished or eliminated Se regulation of the transfected mRNA species+ In addition, mutating the GPX1 UGA Sec codon or moving the UGA codon to GPX1 exon 2 abolished the Se responsiveness of GPX1 mRNA+ Finally, we report that the GPX1 39-UTR can convey Se regulation to b-globin mRNA when a UGA codon is placed in exon 1+ These studies indicate that an intact SECIS element and a Sec codon followed by an intron are necessary for Se-specific regulation of GPX1 mRNA levels+
RESULTS

Se regulation of transfected GPX1 in CHO cells
Chinese hamster ovary (CHO) cells were transfected with the mouse genomic GPX1 gene using the pRc/ CMV vector (Invitrogen)+ G418-resistant cells were pooled two weeks after transfection to ensure a heterogeneity of integration sites+ Each pool was then divided into Se-deficient (2 nM Se) medium or Seadequate (200 nM Se) medium and grown for an additional four days+ We have shown previously that Se regulation is identical in stable transfectants isolated as single colonies or as pools of multiple colonies, and that 200 nM Se is well into the Se-adequate plateau range in CHO cells as shown by both GPX1 mRNA levels and GPX1 activity (Weiss & Sunde, 1997a )+ Transfection with the mouse genomic GPX1 gene (Fig+ 1, construct #1) consistently doubled the GPX1 activity in Se-adequate CHO cells (wild-type Se-adequate GPX1 activity ϭ 100%) (Figs+ 1, 2)+ When CHO cells are grown in Se-deficient medium, GPX1 activity dropped to a similar low level in GPX1 transfectants and in wild-type cells (Fig+ 2)+ In wild-type CHO cells, Se-deficient GPX1 activity levels averaged 22 6 4% of the Se adequate levels+ In GPX1 transfectants, Se-deficient GPX1 activity levels averaged 11 6 3% of the Se-adequate levels+ Thus, overexpression of GPX1 activity enhanced the relative impact of Se status on GPX1 expression+
We have previously studied Se regulation of transfected GPX1 mRNA using northern blot analysis in which the transfected GPX1 mRNA was separated from the endogenous CHO cell GPX1 mRNA by size difference prior to hybridization (Weiss & Sunde, 1997a )+ In the current studies, we developed an RNase protection assay (RPA) to more specifically detect the transfected GPX1 mRNA species+ The mouse GPX1 probes protect mRNA fragments of the expected size in transfected RNA samples and do not protect these bands in wild-type CHO RNA samples (Figs+ 3, 5, lanes WT)+ We hypothesize that the small (,150 nt) GPX1 codingregion probe fragments protected by wild-type CHO RNA samples are short regions of identical sequence homology between CHO and mouse GPX1; these bands show significant down-regulation in all of the Se-deficient transfectants (Fig+ 1, constructs #1-4)+ When GPX1 transfectants were grown in Se-deficient medium, transfected GPX1 mRNA levels dropped to 63 6 5% of Se-adequate levels (Figs+ 1, 3, construct #1)+ This downregulation of transfected GPX1 mRNA level by Se-deficient medium is similar to the down-regulation we detect by northern blot analysis (Weiss & Sunde, 1997a , 1997b )+ Thus, we are able to use Se-dependent downregulation of transfected GPX1 to study the necessary cis-acting elements+ The GPX4 39-UTR also supports Se regulation GPX4 is a selenoprotein homologous to GPX1, but GPX4 mRNA levels do not significantly decrease in Se-deficient rats (Sunde et al+, 1993; Lei et al+, 1995) or in Se-deficient cultured CHO cells (Weiss & Sunde, 1996) + To further understand if the GPX1 39-UTR is specifically required for the down-regulation of GPX1 mRNA levels in Se-deficiency, we replaced the GPX1 39-UTR with the GPX4 39-UTR (Fig+ 1, construct #2)+ As with the GPX1 39-UTR, this construct overexpressed GPX1 activity in Se-supplemented CHO cells, showing that the SECIS in the GPX4 39-UTR facilitates Sec incorporation at the GPX1 UGA codon FIGURE 1. Constructs, GPX1 activity, and Se regulation of mRNA level+ Constructs: Construct number is indicated on the left+ Construct #1 is the wild-type mouse genomic GPX1 gene with exon sequences indicated by white boxes and the intron indicated by a solid horizontal line+ The 59 untranslated region (59-UTR), coding region (CR), and 39 untranslated region (39-UTR) are labeled+ Relative positions of the ATG start codon, the UGA selenocysteine (Sec) codon, and the TAA stop codon are shown as well as restriction enzyme sites used to make the subsequent chimeric constructs+ The selenocysteine insertion sequence (SECIS) is indicated by a wide black bar+ In the chimeric constructs, 39-UTR sequences from the rat GPX1 cDNA (rGPX1) are indicated as a light grey box+ Sequences from the rat GPX4 cDNA (GPX4) are indicated as a dark grey box+ GPX1 Activity: Se-adequate GPX1 activity observed in CHO cells transfected with each construct is given as a percentage of the GPX1 activity relative to that in Se-adequate untransfected CHO cells+ Values are means 6 SEM and significant ( p , 0+05) overexpression is indicated by an asterisk+ Se Reg. of mRNA: GPX1 chimeric mRNA levels in Se-deficient transfected CHO cells are expressed relative to mRNA levels in Se-supplemented CHO cells within the same transfection pool+ Values are the percent 6 SEM and significant ( p , 0+05) Se regulation is indicated by an asterisk+ with similar efficiency to the GPX1 39-UTR (Figs+ 1, 2)+ Strikingly, the GPX4 39-UTR also substituted for the GPX1 39-UTR in the down-regulation of GPX1 mRNA in Se-deficiency (Figs+ 1, 3, construct #2)+ Thus, the GPX1 39-UTR does not contain any unique sequences that can explain the differential regulation of GPX1 versus GPX4 mRNA levels+ Similarly, the rat GPX1 39-UTR also conveyed equivalent Se regulation on the mouse GPX1 coding region (Figs+ 1, 3, construct #3)+ Replacing the mouse genomic GPX1 39-UTR sequences with the 39-UTR from a rat GPX1 cDNA consistently gave higher steady-state levels of mRNA (Fig+ 2, bottom), but GPX1 activity levels were similar to constructs #1-2+ Deletion of the SECIS in the GPX1 39-UTR (Figs+ 1, 2, 3, 6, construct #4) or disruption of the GPX1 SECIS (Weiss & Sunde, 1997b) , however, results in loss of Se regulation and low steady-state levels of mRNA+ This series of constructs shows that the GPX4 39-UTR, which does not elicit Se regulation of GPX4 mRNA in vivo, can fully substitute for the mouse or rat GPX1 39-UTR in conferring Se regulation to the GPX1 mRNA levels+ Interestingly, the data suggest that replacing the mouse FIGURE 2. GPX1 and GPX4 activities in Se-deficient and Seadequate CHO cells, and recombinant mRNA levels in Se-adequate CHO cells+ Top: GPX1 activity expressed in EU/g protein+ Activities are shown for untransfected wild-type CHO cells (WT) and for CHO cells transfected with constructs #1-10, as described in Figure 1+ Bars indicate the mean and error bars indicate the SEM (n ϭ 3-7) for cells grown in Se-adequate (200 nM Se) (Ⅲ ) and Se-deficient (▫ ) media, and significant ( p , 0+05) overexpression in Se-adequate media relative to wild-type is indicated by an asterisk+ Middle: GPX4 activity expressed as EU/g protein (cells, bars, error bars, and statistics as in top panel)+ Bottom: Relative steady-state recombinant mRNA levels in CHO cells transfected with constructs #1-17, as described in Figures 1 and 4+ Bars indicate mean and error bars indicate SEM (n ϭ 3-7) for cells grown in Se-adequate (200 nM Se) (Ⅲ ) media+ Significant ( p , 0+05) differences compared to wild-type construct #1 are indicated by an asterisk+ FIGURE 3. RNase protection assay for transfected GPX1 mRNA in Se-deficient (ϪSe) and Se-adequate (ϩSe) CHO cells+ Lane M contains RNA size markers (Century Marker Plus, Ambion Inc+, Austin, Texas)+ Lane RPS14 contains the undigested probe for CHO ribosomal protein S14 mRNA+ Lane GPX1 CR contains the undigested probe for the GPX1 coding region+ Lane GPX1 39-UTR contains the undigested probe for the GPX1 39-UTR+ Construct numbers and the probe used to detect the transfected GPX1 mRNA are indicated along the top+ WT indicates the RNA sample was from wild-type untransfected CHO cells+ All samples were hybridized with the probe for endogenous CHO ribosomal protein S14 mRNA+ A: Autoradiogram was exposed for 15 h+ B: showing the protected fragment of RPS14+ C: Exposure (72-h) showing protected GPX1 39-UTR for constructs #5-7+ genomic GPX1 39-UTR with either the rat GPX4 or rat GPX1 cDNA 39-UTRs may actually enhance the down-regulation of transfected GPX1 mRNA levels in Se-deficient cells+
Substitution of genomic GPX1 coding-region sequences with GPX4 cDNA sequences diminishes Se regulation
We next focused on studying the GPX1 sequences preceding the 39-UTR+ The amino acid and nucleotide sequences of GPX1 and GPX4 were aligned using PCGene Software+ Three convenient restriction sites (Sac II, Pst I, and EcoR I) in the wild-type mouse GPX1 exon sequences were used to divide the genomic GPX1 coding region into three sections (Fig+ 1, construct #1)+ Site-directed mutagenesis was used to introduce these same restriction sites at the homologous positions within the GPX4 cDNA (see Materials and Methods)+ This strategy allowed three progressively larger regions of the GPX4 coding region to be ligated in-frame relative to the GPX1 start codon (Fig+ 1, constructs #5-7)+ Each of the constructs designed to produce an mRNA with a chimeric GPX1/ GPX4 coding region failed to overexpress GPX1 or GPX4 activity (Figs+ 1, 2), although we had expected that the construct with the largest region of GPX4 (Figs+ 1, 2, construct #7) might be sufficient to make an active GPX4 enzyme+ RPA analysis showed that substitution of most of the GPX1 exon 2 with the corresponding GPX4 coding region diminished but did not eliminate Se regulation of the transfected mRNA species (Figs+ 1, 3, construct #5)+ Further substitution of additional regions of genomic GPX1 with GPX4 cDNA sequences completely abolished Se regulation of the transfected mRNA levels (Figs+ 1, 3, constructs #6 and 7)+ Similar results were observed for a second series of coding-region chimeras that contained the GPX4 39-UTR (Fig+ 1, constructs #8-10)+ All of the constructs that contained GPX4 coding-region sequences resulted in significantly reduced steady-state levels of mRNA (Fig+ 2, bottom)+ GPX1 and GPX4 activity levels in all of these transfectants confirmed that the cellular Se status had been altered dramatically by Se supplementation (Fig+ 2)+ These substitution chimera demonstrate that the GPX1 coding-region or intron sequences contain elements necessary for Se regulation of GPX1 mRNA level+
Full Se regulation of GPX1 mRNA requires the GPX1 intron
The results from the experiments above suggested that sequences in the GPX1 coding-region exons are necessary for Se regulation of GPX1 mRNA levels+ Alternatively, the GPX1 intron itself could be the required element for Se regulation because we used GPX4 cDNA sequences to replace genomic GPX1 sequences+ Notably, all of the chimeric constructs that did not produce Se-regulated mRNAs also did not contain the GPX1 intron+ To directly test whether the GPX1 intron plays a role in Se regulation of GPX1 mRNA, we used a mutagenic oligo to delete the GPX1 intron from a FLAG-tagged genomic GPX1 construct (Fig+ 4, construct #11) that is expressed and regulated similarly to wild-type GPX1 (Figs+ 4 and 5, compare construct #11 to construct #1)+ Deletion of the GPX1 intron from construct #11 abolished both the ability to overexpress GPX1 activity and the ability to significantly down-regulate the transfected GPX1 mRNA levels with Se-deficient medium (Figs+ 4, 5, construct #12)+ Deletion of the GPX1 intron also significantly reduced the steady-state mRNA levels in Seadequate cells (Fig+ 2)+ This strongly suggests that the GPX1 intron is a necessary component for Se regulation of GPX1 mRNA levels as well as for maximal GPX1 expression+
The GPX1 UGA codon position is important for Se regulation of GPX1 mRNA
We next studied the relationship between Sec incorporation and Se regulation of GPX1 mRNA levels+ Sitedirected mutagenesis was used to convert the GPX1 Sec codon to a cysteine (Sec 47 Cys) codon (Fig+ 4, construct #13)+ As expected, this mutation eliminated the overexpression of GPX1 activity because Sec in the active site is necessary for GPX1 enzyme activity+ When translation of GPX1 no longer requires Sec incorporation due to replacement of the UGA codon with a Cys codon, two thirds of the Se regulation of the resulting mRNA was lost (Figs+ 4, 5, construct #13 versus #11)+ This affirms that full Se regulation of GPX1 mRNA levels requires the Sec codon as well as a functional SECIS element+ Numerous researchers have found that nonsense codons can have a destabilizing effect on mRNAs, particularly when the nonsense codon is not located in the final exon Cheng et al+, 1994; Carter et al+, 1996; reviewed by Maquat, 1995; Jacobson & Peltz, 1996 )+ Because Sec is encoded by a UGA codon within GPX1 exon 1, it is possible that the GPX1 UGA codon is misinterpreted as a nonsense codon during Se deficiency+ To test this hypothesis, we mutated the GPX1 Sec codon to a UAA stop codon (Sec 47 stop, construct #13a) that would be interpreted as a nonsense codon in both Se-deficient and Se-supplemented cells+ Se regulation of GPX1 mRNA levels was lost (Figs+ 4, 6 ) and the Se-adequate steady-state levels were significantly reduced (Figs+ 2, 6)+ Based on the current models of nonsense-mediated mRNA decay, we hypothesized that moving the GPX1 Sec codon to exon 2 would eliminate Se regulation of GPX1 mRNA levels, whereas moving the Sec codon within exon 1 would retain Se regulation of GPX1 mRNA levels+ For these experiments, the wild-type GPX1 Sec codon at position 47 was mutated to a UGC Cys codon (Sec 47 Cys) and we mutated one codon within exon 1 (Ser 18 Sec, construct #14) and two codons within exon 2 (Cys 154 Sec and Val 172 Sec, constructs #15-16) of GPX1 to Sec codons+ As hypothesized, moving Sec to exon 2 eliminated Se regulation of GPX1 mRNA levels, but moving Sec within exon 1 retained downregulation of GPX1 mRNA levels in Se-deficient cells+ Regardless of Sec codon position, steady-state levels of mRNA were not affected (Fig+ 2)+ These constructs suggest that the position of the GPX1 UGA codon relative to the GPX1 intron is critical for full Se regulation of GPX1 mRNA levels; the data are consistent with the hypothesis that GPX1 mRNA is subjected to a nonsensemediated mRNA decay pathway during Se deficiency+
Se regulation of GPX1/globin chimera
Lastly, we used a b-globin construct (Fig+ 4, construct #17) to further test the above observations+ To determine if the GPX1 39-UTR can convey Se regulation to b-globin mRNA levels when the b-globin coding region contained a UGA nonsense mutation within exon 1, the FIGURE 4. Constructs, GPX1 activity, and Se regulation of mRNA level+ Constructs: Construct number is indicated on the left+ Constructs are diagramed as in Figure 1+ The FLAG epitope is indicated by narrow vertical lines+ Sec indicates a UGA selenocysteine codon at the wild-type position or at other positions in GPX1 and b-globin+ Cys indicates mutation of the GPX1 UGA Sec codon to a UGC cysteine codon+ Deletion of the GPX1 intron is indicated by dotted lines+ Three b-globin exon sequences are shaded by narrow diagonal lines divided by the two b-globin introns+ GPX1 Activity: Se-adequate GPX1 activity observed in CHO cells transfected with each construct is given as a percentage of the GPX1 activity relative to that in Se-adequate untransfected CHO cells+ Values are means 6 SEM and significant ( p , 0+05) overexpression is indicated by an asterisk+ Se Reg. of mRNA: GPX1 chimeric mRNA levels in Se-deficient transfected CHO cells are expressed relative to mRNA levels in Se-supplemented CHO cells within the same transfection pool+ Values are the percent 6 SEM and significant ( p , 0+05) Se regulation is indicated by an asterisk+ mouse b-globin Cys 14 codon was mutated to a UGA nonsense codon and the coding region was cloned in-frame within the GPX1 expression vector following the first 28 amino acids of construct #11+ Importantly, the globin/GPX1 mRNA levels from this construct displayed Se regulation at virtually the same level as observed for the genomic GPX1 constructs (Figs+ 4, 5, construct #17 versus #1 and #11)+ This is the first report of Se regulation of a reporter mRNA level using a reporter gene that is unrelated to Se+ This globin construct suggests strongly that the mechanism for Se regulation of GPX1 mRNA is linked to the Sec incorporation mechanism and that the Sec codon must be followed by an intron for maximal down-regulation during Se deficiency+ More importantly, this construct suggests that Sec insertion can FIGURE 5. RNase protection assay for transfected GPX1 mRNA in Se-deficient (ϪSe) and Se-adequate (ϩSe) CHO cells+ Lane M contains RNA size markers (Century Marker Plus, Ambion Inc+, Austin, Texas)+ Lane RPS14 contains the undigested probe for CHO ribosomal protein S14 mRNA+ Lane GPX39-UTR contains the undigested probe for the GPX1 39-UTR+ Construct numbers are indicated along the top+ WT indicates the RNA sample was from wild-type untransfected CHO cells+ All samples were hybridized with the probe for endogenous CHO ribosomal protein S14 mRNA and the probe for the GPX1 39-UTR+ A: Autoradiogram was exposed for 15 h+ B: Exposure (72-h) showing the protected fragment of RPS14+ C: Exposure (72-h) showing protected GPX1 39-UTR for constructs #11-13+ FIGURE 6. Effect of SECIS deletion, intron deletion, and UGA mutations on Se regulation of GPX1 mRNA+ RNase protection assay for transfected GPX1 mRNA in Se-deficient (ϪSe) and Se-adequate (ϩSe) CHO cells+ Lane M contains RNA size markers (Century Marker Plus, Ambion Inc+, Austin, Texas)+ Lane RPS14 contains the undigested probe for CHO ribosomal protein S14 mRNA+ Lane GPX CR contains the undigested probe for the GPX1 coding region+ Lane yeast RNA shows RNase protection for 10 mg of yeast tRNA+ Construct numbers are indicated along the top+ All samples were hybridized with the probe for endogenous CHO ribosomal protein S14 mRNA and the probe for the GPX1 coding region+ A: Autoradiogram was exposed for 15 h+ B: Exposure (72-h) showing the protected fragment of RPS14+ suppress nonsense-mediated mRNA destabilization+ A SECIS, a Sec codon, and an intron positioned appropriately within the mRNA might be all the cisacting elements that are necessary and sufficient for Se regulation+
DISCUSSION
We previously studied GPX1 mRNA levels in rats fed graded levels of dietary Se and found that GPX1 mRNA level is a sensitive parameter that can be used to assess Se status (Lei et al+, 1995; Weiss et al+, 1997 Weiss et al+, , 1996 + In Se-deficient rat liver, GPX1 mRNA levels fall to less than 10% of Se-adequate levels, whereas GPX4 mRNA and selenoprotein P mRNA levels are not significantly affected (Hill et al+, 1992 (Christensen & Burgener, 1992; Moskow et al+, 1992) , suggesting that Se status regulates GPX1 mRNA stability+ Because Se incorporation requires a cis-acting SECIS stem-loop and a UGA codon (Berry et al+, 1991 (Berry et al+, , 1993 , identification of the role of these elements in Se regulation of GPX1 mRNA levels would help to understand the mechanism and biological relevance of GPX1 mRNA level and its regulation+
We moved to a transfected cultured cell model to study the GPX1 sequences that down-regulate GPX1 mRNA during Se deficiency+ Our initial model for Se regulation of GPX1 mRNA was based on the current understanding of the iron regulatory mechanism that modulates transferrin receptor mRNA stability+ The transferrin receptor mRNA 39-UTR contains five iron responsive elements as well as a specific endonucleolytic cleavage site+ The iron responsive element binding protein (IRP) is thought to mask the endonucleolytic cleavage site during iron deficiency, thereby stabilizing the transferrin receptor mRNA (Casey et al+, 1989; Kaptain et al+, 1991; Haile et al+, 1992; Binder et al+, 1994 )+ Thus, it seemed likely that GPX1 mRNA might contain specific sequences that target GPX1 mRNA for degradation during Se deficiency+ Using the mouse genomic GPX1 as the primary construct, we have confirmed and extended our previous studies (Weiss & Sunde, 1997a , 1997b , which showed that Se regulation of GPX1 mRNA requires the GPX1 SECIS motif+ Importantly, construct #2 clearly shows that the GPX4 39-UTR is fully capable of substituting for the GPX1 39-UTR in overexpression of GPX1 activity and in Se regulation of GPX1 mRNA levels+ This suggests that the GPX1 39-UTR is not specifically required for Se regulation of GPX1 mRNA levels+ Furthermore, these results eliminate the possibility that the GPX1 39-UTR contains a specific endonuclease site or destabilizing element as found in the transferrin receptor mRNA 39-UTR+ Thus, we next turned our focus to the GPX1 sequences preceding the 39-UTR+ The GPX1/GPX4 coding-region chimeras show that the C-terminal half of the GPX1 coding region, which is located entirely within exon 2, can be replaced by the homologous GPX4 sequences with diminished but still apparent Se regulation of the transfected mRNA+ Similar results were observed whether the construct contained the GPX1 39-UTR or the GPX4 39-UTR+ Further replacement of the GPX1 region spanning the intron or the entire GPX1 coding region except for the first nine amino acids resulted in complete loss of Se regulation of the transfected mRNA levels+ These results show that the GPX1 and GPX4 39-UTRs alone do not convey Se regulation to an mRNA species simply because it contains an in-frame UGA codon+ Thus, there must be additional requirements for the Se regulatory mechanism+
To directly test the role of the GPX1 intron in Se regulation of GPX1 mRNA levels, we used site-directed mutagenesis to delete the intron from the genomic GPX1 clone+ Use of this construct revealed that the GPX1 intron is necessary for Se regulation of transfected GPX1 mRNA levels+ This suggests that the intron is integral to the mechanism for Se regulation of GPX1 mRNA levels+ Deletion of the GPX1 intron also apparently reduced the steady-state levels of transfected GPX1 mRNA (Figs+ 2, 5, 6), providing evidence that the GPX1 constructs that lack the GPX1 intron produce constitutively unstable mRNAs that do not respond to cellular Se status+ A recent report by Knudson and Brunak (1997) has proposed that the introns of selenoprotein pre-mRNAs contain sequences that participate in secondary structures that mask the UGA codon from recognition by nonsense-mediated mRNA decay pathways in the nucleus+ This theory might explain the better ability to express GPX1 with genomic GPX1 constructs than with GPX1 cDNA constructs, but cannot explain the down-regulation of GPX1 mRNA in Se-deficiency+ Our research suggests that Se regulation of GPX1 mRNA is linked to the mechanism for Sec translation, a process generally believed to take place in the cytoplasm+ To further understand the relation of Sec translation to Se regulation of GPX1 mRNA, we studied the effect of a Sec r Cys mutation in GPX1+ When GPX1 mRNA no longer required Sec insertion for translation, most of the down-regulation was lost+ We further tested two alternative Sec positions in exon 2 and one in exon 1 of GPX1 and found that Se does not regulate GPX1 mRNA when the Sec codon is moved to exon 2+ Previous studies with these three constructs transiently transfected into COS-7 cells have shown that these constructs are readily translated into 75 Se-labeled proteins, with Sec 154 showing the highest efficiency and Sec 172 showing the lowest efficiency for Sec translation (Wen & Sunde, 1997 )+ Thus, the position of the GPX1 Sec codon appears to be critical for Se regulation of GPX1 mRNA, but more flexible for Sec translation+ Studies by Martin et al+ (1996) have shown that there is considerable flexibility in the ability of the eukaryotic SECIS element to incorporate Sec at an upstream UGA codon, provided that there is a minimum distance of 51-111 nt between the UGA and SECIS sequences+ The position of the GPX1 Sec codon relative to the intron may have been optimized during evolution to provide a way to down-regulate GPX1 during Se deficiency+
We combined these observations to see if we could construct a b-globin reporter for Se regulation+ A UGA codon was introduced 50 nt 59 to the first b-globin intron, a shorter distance than the 105 nt in wild-type GPX1+ Addition of the GPX1 39-UTR to this construct conveyed Se regulation to the transfected b-globin/ GPX1 mRNA levels that was equivalent to that observed for wild-type GPX1 constructs+ This suggests that Sec insertion can suppress the nonsense-mediated mRNA destabilization, which has been described for other mRNAs+ Nonsense mutations, such as premature UGA termination codons, destabilize a number of mRNAs, particularly when located in the first three-fourths of the respective protein-coding regions and particularly when introns are present Cheng et al+, 1994; Carter et al+, 1996) + Interestingly, nonsensesuppressing tRNAs can stabilize nonsense-containing mRNAs (Belgrader et al+, 1993 )+ Thus, up-regulation of GPX1 mRNA levels with Se supplementation might be partially due to the abrogation of a nonsense-mediated decay mechanism by the Sec tRNA+ To determine the baseline for nonsense-mediated decay of GPX1 mRNA, we studied the effect of introducing a nonsense codon at the Sec codon position in GPX1 (Sec 47 stop)+ As expected, this mutation resulted in loss of Se regulation for GPX1 mRNA levels+ Furthermore, the steady-state levels of mRNA for this construct were significantly reduced when compared with those observed for the wild-type GPX1 construct, and were similar to the mRNA levels observed for the construct lacking the SECIS element+ This series of constructs demonstrate that loss of the ability to translate the Sec position either due to a stop mutation or deletion of the SECIS results in baseline destabilization of GPX1 mRNA, presumably by a nonsense-mediated decay mechanism+ Enhanced translation of the full-length mRNA due to a cysteine mutation or Se-adequate state results in elevated levels of GPX1 mRNA+ Deletion of the GPX1 intron also reduced the steady-state levels of GPX1 mRNA+ The GPX1 intron might be required for normal processing and transport of GPX1 mRNA out of the nucleus+ As a consequence, GPX1 transcripts lacking the intron could be less available for translation, leading to reduced steady-state levels+ Most studies looking at selenoprotein expression in transfected cultured cells have focused on the 39-UTR and SECIS elements in translation+ Berry et al+ (1993) tested the ability of the selenoprotein P and GPX1 SECIS elements to restore 59 deiodinase activity when substituted for the 59 deiodinase 39-UTR+ The results of these studies suggested that, although SECIS elements are conserved among selenoproteins, they may function with up to threefold differential efficiencies in their ability to insert Sec, with the GPX1 SE-CIS having the poorest ability to translate the 59 deiodinase Sec codon+ The Se status of the cells used in these experiments is unclear+ A study by Bermano et al+ (1996a) also used 59 deiodinase as a reporter and extended the analysis to Se regulation of 59 deiodinase activity and mRNA levels in Sedeficient and Se-supplemented rat hepatoma cells+ They reported that the 59 deiodinase, GPX1, and GPX4 39-UTRs have similar abilities to produce 59 deiodinase activity in Se-supplemented cells, but that the GPX4 39-UTR produced the highest 59 deiodinase activity in Se-deficient cells (Bermano et al+, 1996a )+ Interestingly, 59 deiodinase mRNA levels did not drop in Se-deficient cells when the construct contained the 59 deiodinase or GPX4 39-UTR, but dropped by 22% when the construct contained the GPX1 39-UTR (Bermano et al+, 1996a )+ This modest Se regulation is similar to the regulation we observed for Cys GPX1 and GPX1 cDNA constructs (Weiss & Sunde, 1997a , 1997b )+ Lack of Sec translation in Se deficiency might be associated with a modest downregulation for all selenoprotein mRNAs+ The differences in translational efficiency that have been reported for different selenoprotein SECIS elements, however, cannot explain the specific regulation of GPX1 mRNA by Se because the GPX4 and GPX1 39-UTRs conveyed equivalent Se regulation to the GPX1 coding region in the present experiments+
The present studies affirm that the SECIS motif and Sec codon are necessary for Se regulation of GPX1 mRNA, and that full Se responsiveness requires that the Sec codon is followed by an intron+ We have found that both the GPX1 and GPX4 39-UTRs are effective cis-acting elements in conveying Se regulation to GPX1 mRNA, and we predict that other selenoprotein 39-UTRs can also fulfill the role of the GPX1 39-UTR in Se regulation of GPX1 mRNA+ The challenge now is to understand the sequences that are unique to GPX1 that can explain the dramatic down-regulation of GPX1 mRNA in relation to other selenoprotein mRNAs+ 
MATERIALS AND METHODS
List of oligonucleotides
Construction of GPX1 expression vectors
The primary wild-type GPX1 expression vector (construct #1) was made by inserting the 1,497-bp genomic GPX1 clone [nt Ϫ263-1233 (Chambers et al+, 1986) ] into the Hind III and Xba I restriction sites of the pRc/CMV vector (Invitrogen) using the pUC12 polylinker (Hind III-Xba I) on the 59 end and the pBSII SK polylinker (EcoR I-Xba I) (Stratagene) on the 39 end of the GPX1 gene+ The rat liver GPX1 and GPX4 cDNA clones were isolated previously from a cDNA library in our laboratory as described by Weiss and Sunde (1997a) and Sunde (1994) + The wild-type rat and mouse GPX1 genes have a conserved Bsu 36 I restriction site (CC9TAAGG) that allows the DNA to be cleaved immediately 59 to the stop codon+ To facilitate substitution of the GPX4 39-UTR for the GPX1 39-UTR (construct #2), we performed oligonucleotidemediated site-directed mutagenesis (Kunkel, 1985) using mutagenic primer 36 to introduce a Bsu 36 I restriction site at the GPX4 stop codon+ To delete the 70-nt GPX1 SECIS motif (nt 1006-1075; Ho et al+, 1988) , primers 48 and 49 were used to introduce Aat II restriction sites on the 59 and 39 sides of the rat GPX1 SECIS and then Aat II was used to delete the SECIS+ The wild-type and ⌬ SECIS rat GPX1 39-UTRs were substituted for the mouse GPX1 39-UTR (constructs # 3 and 4) using the Bsu 36 I restriction site+ To make the GPX1/GPX4 coding-region chimeras, primer 93 was used to introduce an EcoR I site at the GPX4 sequences corresponding to nt 402-407 (Pushpa-Rekha et al+, 1995) , allowing GPX1 Ser 93 to be fused to GPX4 Lys 117 (constructs #5 and 8)+ Primer 92 introduced a Pst I site at GPX4 nt 316-321 (Pushpa-Rekha et al+, 1995) , allowing GPX1 Gln 61 to be fused to GPX4 Ala 88 (constructs #6 and 9)+ Primer 91 introduced a Sac II site at GPX4 nt 179-184 (Pushpa-Rekha et al+, 1995) , allowing GPX1 Ala 9 to be fused to GPX4 Glu 43 (constructs #7 and 10)+ The constructs in Figure 4 contain the eight-amino acid FLAG epitope tag because these constructs were used in additional studies that focused on GPX1 protein levels+ Complementary primers 57 and 58 were used to insert the FLAG epitope between GPX1 Ala 8 and Ala 9 (Chambers et al+, 1986) using the GPX1 Sac II site (construct #11)+ Primer 66 was used to loop out and delete the GPX1 intron [nt 284-499 (Chambers et al+, 1986) ] between GPX1 exons 1 and 2 (construct #12)+ Primers 59 and 118 mutated the mouse GPX1 Sec codon [Sec 47 (Chambers et al+, 1986) ] to a UGC Cys codon (construct #13) or to a UAA stop codon (construct #13a), respectively+ To move the GPX1 Sec codon to three different locations, we used construct #13 as a template and primer 77 to change GPX1 Ser 18 r Sec (construct #14); primer 64 to change GPX1 Cys 154 r Sec (construct #15); and primer 78 to change GPX1 Val 172 r Sec (construct #16)+
The mouse b-globin gene within the plasmid pFOSMbG (Ahern et al+, 1993) was obtained from Dr+ J+ Evan Sadler (Washington University School of Medicine, St+ Louis, Missouri)+ Primer 69 was used to mutate b-globin Cys 14 to a UGA Sec codon+ The globin/GPX1 chimeric construct (construct #17) was made using mutagenic primers 70 and 71 to PCR amplify the Sec-globin coding region and to introduce a Sac II site at the globin start codon (globin Met 1 r Ala) and a Bsu 36 I site at the globin stop codon (globin terminal His r Pro)+ Primer 67 introduced a Sac II site into GPX1 at nt 90-95 (Chambers et al+, 1986) , allowing GPX1 Ala 19 to be fused to globin Val 2 and the GPX1 39-UTR to be substituted for the globin 39-UTR+ All mutations and construct sequences were confirmed by sequencing using the Taq DyeDeoxy terminator (Applied Biosystems, Inc+) at the University of Missouri DNA core facility+
Culture and transfection of CHO cells
CHO cells (CHO-K1, American Type Culture Collection) were maintained in Ham's F-12 medium with 2 mM L-glutamine and 5% fetal bovine serum (FBS) under 5% CO 2 , 37 8C+ We use low-Se FBS (170 nM Se; Atlanta Biologicals) identified by neutron activation analysis for Se (McKown & Morris, 1978 )+ Approximately 9 ϫ 10 5 cells were seeded per 10-cm tissue culture dish 24 h prior to transfection+ At least three replicate plates of cells were transfected for each construct by incubation with 10 mg of calcium phosphate-precipitated DNA per plate (Ausubel et al+, 1989 )+ After 16 h, the medium was changed and after an additional 48 h, selective medium (600 mg G418/mL; Gibco BRL) was used to isolate stable transfectants+ G418-resistant colonies on each 10-cm dish were pooled 14 days after transfection to ensure a heterogeneity of integration sites+ FBS was then reduced to 1% (2 nM media Se) for the four-day Se regulation experiments+ Se-supplemented cells were grown in medium containing 1% FBS with 200 nM sodium selenite+
Enzyme and protein assays
For each transfection pool at each Se level, one 10-cm plate of cells was harvested and homogenized separately in 1+5 mL sucrose buffer, pH 7+4 (0+25 M sucrose, 20 mM Tris-HCl, 1 mM EDTA, 0+1% peroxide-free Triton X-100) and centrifuged (10,000 ϫ g, 15 min, 4 8C, model J2-21M, JA-21 rotor, Beckman Instruments)+ GPX1 activity of the supernatant was assayed using the coupled assay procedure (Lawrence et al+, 1974) with H 2 O 2 , so that only Se-dependent GPX activity was measured+ GPX4 activity was assayed using undiluted cell supernatant as described (Lei et al+, 1995) 
